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I. BIOLOGICAL REVIEW AND RATIONALE*

The supraoptic and paraventricu1ar nuclei of the hypo­

thalamus are connected by a bundle of non-myelinated nerve

fibers to the neural lobe of the hypophysis. The function of

this hypotha1amo-hypophysea1 system was discovered by Fisher

and Ingram and confirmed by more recent studies showing that

the posterior lobe hormones are synthesized in the supraoptic

and paraventricu1ar nuclei, or in the preoptic nuclei of lower

vertebrates. The hormones are separately "packaged" in small

secretory granules in association with a larger carrier protein

molecule and migrate down nerve fibers, ultimately accumulating

in the posterior lobe of the pituitary. This accumulation of

granules in neurohypophyseal nerve endings is taken as evidence

that neuro-secretory material is transported distally by axo­

plasmic flow.

The mechanism(s) by which granule migration or axop1asmic

flow occurs is not known and constitutes an important biologic

question. Because of the anatomic relationship of the hypo­

thalamus and hypophysis, it appears reasonable that gravity

could influence the migration of these neurosecretory granules.

If not, however, other flow control mechanisms must be responsible.

There are arguments suggesting that the combined carrier protein

*For a more complete discussion and bibliographic citation
see sin Technical Proposals P69-171, dated 19 March 1969,
and P70-129A, dated 18 September 1970, submitted earlier.
See also Appendix A of this report.



and hormone package may be just large enough to be affected by

Newtonian forces rather than the Brownian dynamics, differential

concentration or active transport mechanisms usually implicated

in molecular transportation. Nevertheless, there is sufficient

evidence to warrant an empiric test of the role of gravity in

regulating neurosecretory activity of the posterior pituitary.

The pragmatic significance of such a study is evident when one

considers space flight. It has long been known that weight­

lessness causes water loss. Several mechanisms have been impli­

cated, but, as categorically stated by Academician V. Parin in

a recent article on life in orbital stations, " ••• sti11 we do

not know why the organism is dehydrated in weight1essness."

Parin implicates gravity and suggests that the hypothalamus may

be involved. Clearly, a deeper understanding of gravity's role

in hypothalamic secretion would produce important benefits for

aerospace and terrestrial medicine.

II. EXPERIMENTATION

To determine the role gravity may play in neurosecretory

physiology we proposed to study the hypotha1amo-hypophysea1

system under a variety of modes in the one-G environment. The

test animal we chose to investigate was a fresh water teleost,

the goldfish. Fishes have a distinct advantage over other verte­

brates since their orientation to gravity can be altered with

little difficulty, thereby allowing gravity to act on the hypo­

tha1amo-hypophysea1 system in a variety of axes.
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The organ of equilibrium in fishes is located in the pars

superior and consists of the semicircular canals and their

ampullae and a sac-like vesicle, the utriculus. In bony fishes

the utriculus contains an otolith called the lapillus. The

lapillus rests horizontally on the hairs of the sensory cells

of the crista utriculi and responds to the force of gravity,

thereby stimulating the sensory cells of the cristae. This

stimulation of hair cells works in conjunction with sensors in

the lower portion of the retina to maintain balance. Thus,

with both eyes and utriculi intact, light from above and gravi­

tational force from below keep the fish oriented in an upright

position.

If one utriculus is removed, however, or a strong beam

of light is directed toward the fish at a right angle instead of

from above, the subject can be made to lean to one side or the

other. When a fish has its utriculi removed from both inner

ears, it can be made to swim at a 90
0

angle to the normal

gravitational field if illuminated from the side, or even

upside down if lighted from below.

utilizing these techniques, we have conducted a study

to vary precisely the direction of gravitational force relative

to the anatomic axis of the hypothalamo-hypophyseal system.

This experimental technique was employed to assess the influence

of altered gravitational orientations on neurosecretory granule

regulation.

During early work we designed an environmental control

system, developed surgical procedures for bilaterally eliminating

3



the utriculi in fish, and induced voluntary re-orientation re1a­

tive to the Earth's gravitational field with altered light cues.

(See Figure 1.)

An electronic method (based upon variable impedance) was __ .
~-

designed and used to continuously assess and record the_PQpitiQ~

of the fish relative to gravity. This sensor was incorporated

into the walls of a plexiglas environmental chamber. Water

flowed continuously through this chamber at a controlled rate

producing slow swimming movements of the fish and consequent

horizontal (+G ) orientation in the field. Light entered thex
chamber through a narrow translucent stripe along the long axis

on the side of the otherwise opaque chamber. In our laboratory,

fishes, surgically deprived of their inner ear mechanisms,

oriented to this external light stimulus. By gradual rotation

of the chamber and its translucent stripe, the position of the

fish relative to the G field was altered.

The removal of labyrinthine structures was performed by

making a small incision (3mm) behind each eye in fish, anesthe­

tized with MS222, and carefully removing the vestibular struc­

tures with dissecting forceps. The entire procedure was done

with the aid of a dissecting microscope. Within minutes the

fish would start swimming in a tumbling manner, completely dis­

oriented. This behavior continued until the second day when the

fish began orienting toward the single bright light source illu­

minating the otherwise darkened aquarium. It was at this time

that the operated fish also began eating and interacting with

4
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other fish in the aquarium 0 All behavior appeared normal except

for the orientation of the operated fisho As the light source

was incrementally moved around to the bottom of the aquarium,

the operated fish again demonstrated disoriented swimming behavior,

but soon "locked on" the light and swam inverted.

In addition to the re-orientation studies described above,

a major effort was directed to the biochemical investigations .
---_.---

needed to determine the presence of vasopressin in the neuro-

hypophysis and peripheral target organs. It was necessary to

perform an accurate bio-assay of arginine-vasotocin (fish vaso­

pressin) in tissue sections taken from the hypothalamus, infundi­

bulum and neurohypophysis of fishes exposed to different gravi­

tational orientations to assess the gravitational effects on

neurosecretory regulation. There is no good procedure for the

detection and assay of endogenous arginine-vasotocin prior to

or after its release from the pituitary. Gorrnori's chrome

hematoxylin and other histologic stains lack specificity and

cannot be used with confidence to selectively identify vasotocin

neurosecretory granules. Therefore, we pursued a new approach,

utilizing fluorescent antibody techniques, to assay arginine­

vasotocin at its sites of synthesis, transport and storage. To

achieve this objective we synthesized arginine-vasotocin,

developed antibodies to the synthesized hormone, tagged the anti­

body with a fluorescing molecule, and determined cross-reactivity

of the antibody with the endogenous hormone.

The antigenicity of vasopressin, oxytocin and arginine­

vasotocin has been questionable due to their low molecular
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weight. Recently, however, Spragg, et aI, successfully pro­

duced antibodies to bradykinin (nine amino acids) through

both coupling and polymerization techniques. We utilized

Freund's adjuvant and employed similar methods to determine

the best procedure for making antibodies to arginine-vasotocin.

These antibodies were, in turn, used to detect endogenous

vasopressin by labeling the molecules with a fluorescent tag

and selectively staining sections of hypothalamus, infundi­

bulum and pituitary. Rabbits were innoculated with synthetic

arginine-vasotocin and antibody activity was determined peri­

odically using the ring test. Titers were pooled and globulin

fraction purification was performed using the Ethodin (Rivanol)

procedure described by Horejsi and Semtana.

Anti-arginine-vasotocin was coupled with Rhodamine

B-200 (a fluorescent tag) and the conjugated globulin was

chromatographed on a Sephadex G-25 column with phosphate

buffered saline (pH 7.2) for purification. The conjugated

globulin was subsequently stored in a frozen state until it

was used to identify endogenous arginine-vasotocin in the

hypothalamo-neurohypophyseal system. Because of low yields

of our synthetic arginine-vasotocin, we also made antibodies

in goats to commercially available oxytocin in the belief

that these antibodies would cross-react with endogenous fish

arginine-vasotocin thereby enhancing our fluorescent antibody

staining capability. We tagged these antibodies and also

determined their cross reactivity.

7



In spite of all these efforts, we were unable to

employ the fluorescent antibody procedure successfully as

an accurate assay for arginine-vasotocin. Clearly, another

assay was needed.

Since it had been previously demonstrated that one of

the first responses of toad bladder to vasopressin (the anti­

diuretic principle of the mammalian posterior pituitary) was

an increase in the level of intracellular cyclic AMP (adenosine­

3', 51 -monophosphate), (Orloff, et al, 1965), we decided to

develop an assay for this nucleotide in the kidneys of experi­

mental and control fish as a measure of the arginine-vasotocin

concentration. The rationale for this indirect approach is

well founded since cyclic AMP is known to act as a second

messenger whose function is to mediate a variety of hormonal

responses (Robison, et al, 1971), including those associated

with the neurohypophysis. Formation of cAMP in response to a

hormone is dependent upon an enzYme, adenyl cyclase, that cata­

lyzes the reaction ATP adenyl cyclase cAMP + PPi. Once released

from the posterior pituitary into the blood, the octapeptides

do not indiscriminately activate the adenyl cyclase enzYme in

all tissues, but they are restrictive in their action to only

the adenyl cyclase of target organs. The specificity of the

response seems to be with the enzYme system itself, for other

hormones that increase cAMP in their target tissue do not

alter the level of cAMP in other, non-target tissue. Dousa,

et al, 1970, and Bently, 1970, have suggested that the specific

8



hormone receptors necessary for the activation of adenyl

cyclase are closely associated with, if not an actual part

of, the enzyme molecule itself.

Because of the degree of specificity present in this

system, plus the fact that adenyl cyclase can be activated by

nanogram quantities of hormone, it seemed possible that the

biological activity of endogenous arginine-vasotocin in gold­

fish renal tissues could be determined by measuring adenyl

cyclase activity. Accordingly, preliminary experiments were

performed and we were, indeed, able to demonstrate the presence

of an adenyl cyclase - cyclic AMP generating system, presumably

dependent on arginine-vasotocin. Adenyl cyclase activity was

measured by determining its ability to convert H
3

ATP to H
3

-CAMP.

This product was separated from intermediate substances in the

homogenate by paper chromatography, and then quantified by

liquid scintillation counting. Tissues were collected from

experimental and control fishes and assayed for endogenous

levels of adenyl cyclase (Menon, et a1, 1971). Also see

Table I. Because the endogenous adenyl cyclase activity in

kidney tissues is regulated by the circulating levels of

arginine-vasopressin released from the neurohypophysis, we

measured this enzyme's activity in the kidneys of three

different experimental groups in order to determine indirectly

the effect of gravity on the release of this peptide hormone.

Group I was a control, consisting of unoperated fish, orienting

to an overhead light source. Groups II and III were 1abyrin­

thectomized, with Group II orienting to an overhead light,

and Group III to an inverted light source. We found that

9



1.

2.

3.

4.

5.

6.

TABLE I

EXPERIMENTAL PROCEDURE FLOW SHEET

Remove Kidney

Homogenize in oOl/M Tris Buffer pH 7.5
5% w/v

Incubate SOul homogenate with reaction mixture,
l30ul, containing ATP~H3 for 15 minutes at 370 Co

t " A H3 Adenyl Cyclase CAMP_H3 + P PReac J.on TP~ >.. " "
7' J. J.

Chromatograph 100ul of reaction mixture to
separate CAMP=H3 from other reaction products.

Identify cAMP with standards and determine CAMP-H3

formed by liquid scintillation counting techniques

10



after four days of swimming in an inverted position, the fish in

Group II were no longer capable of maintaining this position and

simply rested on the bottom of the aquarium. The adenyl cyclase

activity in the kidneys of Groups II and III were therefore

assayed three days after the removal of the otoliths. The re­

sults from these studies are summarized in Tables II and III.

III. DISCUSSION

The preceding sections describe the work performed under

Contract No. NASw-2l96. This study represents an initial

attempt to understand the role of gravity in regulating the

synthesis, transport, storage and release of octapeptides from

the hypothalamo-neurohypophyseal system. Labyrinthectomized

goldfish employed in this study were forced to live in an

altered gravitational orientation (-G). After three days of
z

exposure to this orientation these animals demonstrated reduced

levels of adenyl cyclase activity in their kidneys when com­

pared to labyrinthectomized and unoperated animals exposed to

normal gravitational orientations (+G ) for the same period
\ z

of time.,
"

If fish renal adenyl cyclase activity is related to

blood neurohypophyseal hormone levels, as is the case with

mammals (Robison, et al), this study suggests that gravity

may well play a role in the regulation of the posterior pitui­

tary functions. The differences observed.. in this study between

control and experimental fish may, howeve~ have resulted from

11



TABLE II

ADENYL CYCLASE ACTIVITY
3

AS MEASURED BY cpm of cAMP-H
3

PRODUCED FROM ATP-H

Group I Group II Group III

Unoperated controls Operated Controls Operated Animals

Normal light (+G ) Normal Light (+G ) Inverted (-G )z z z

* * *n = 10 n = 10 n = 10

** - ** - **X = 10,779 + 1175cpm X = 4,632 + 739 X - 3,661 + 817- cpm -

Group I vs Group II Group II vs Group III

t = 9.344 t + 1.86

P = .005 P = .05

* n = the number of assays performed. Each assay was
done with the pooled kidney tissue from four fish.

** X = mean + standard error.

12



TABLE III

Kidney Weight/Body Weight

Group I Group II Group III

Unoperated control Operated Controls Operated Fish

Normal Light (+G ) Normal Light (+G ) Inverted (-G )z z z

* * *n = 40 n = 40 n = 40

** - ** -
X = 0.67 + 0.23 X = 0.61 + 0.20 X = 0.76 + 0.18- -

Group I vs Group II Group II vs Group III

t = 0.828 t = 0.99

P .0 P .1

* n = number of fish/group

** X = mean + standard error

13



altered biochemical and physiological processes or other

stresses associated with the experimental conditions required

to produce altered gravitational orientation on the neurohypo­

physea1-hypotha1amo system of animals in an earth-based study.

Future studies in the weightless environment of space are

clearly needed, therefore, to validate this study. Blood

levels of vasopressin and urinary outputs should be investi­

gated in astronauts before and during space flight to provide

more direct evidence of the effect of gravity (or reduced

gravity) on vasopressin regulation and water balance.

14



REFERENCES

1. Bently, P.J., Urinary Bladder of Leopard Frogs (Rana pipiens):
Effects of vasotocin, cyclic AMP, cyclic GMP and Aldosterone.
Endocrinology 87:1367-1368 (1970)

2. Dousa, Thomas and o. Hechter, The Effect of NaCl and LiCl on
Vasopressin-Sensitive Adenyl Cyclase. Life Sciences 9:
765-776 (1970)

3. Menon, K.M.J. and M. Smith, Characterization of Adenyl
Cyclase from the Testis of Chinook Salmon. Biochem 10:1186­
1190, 1970.

4. Robison, G.A., R. W. Butcher and E. W. Sutherland. Cyclic
AMP. Academic Press, New York, 1971



APPENDIX A

Bargmann, W. Uber die neurosekretorische verknupfung von
hypothalamus and neurohypophyse. z. zellforsch 34:
610-634, 1949.

Bargmann, W. Relationship between neurohypophyseal structure
and function. In: The Neurohypophysis, H. Heller, Ed.,
pp. 11-22. Butterworths Scientific Publ., London, 1957

Bargmann, W. Elektronmikroskipische untersuchungen an der
neurohypophyse. In: Zweites internationales Symposium
uber Neurosekretion, Lund, 1957, pp. 4-12. Springer­
Verlag, Berlin, 1958.

Bargmann, W. The neurosecretory system of the diencephalon.
Endeavor 19:125-134, 1960.

Bell, G.R. A guide to the properties, characteristics, and
uses of some general anesthetics for fish. Fisheries
Research Board of Canada, ottawa, Bulletin No. 148, 1964.

Brett, J.R. The swimming energetics of salmon. Scientific
American, 213:80-85, No.2, 1965.

Carlisle, D.B. Neurosecretory transport in the pituitary
stalk of Lophius piscatorius. In: Zweites internationales
Symposium uber Neurosekretion, Lund, 1957, pp. 18-19.
Springer-Verlag, Berlin, 1958.

Dekanski, J. The quantitative assay of vasopressin. Brit. J.
Pharmacolo 7:567-572, 1952.

Fisher, C., Wo Ro Ingram. The Effect of Interruption of the
Supraoptico-hypophyseal tracts on the antidiuretic,
pressor and oxytocic activity of the posterior lobe of
the hypophysis. Endocrinology 20:762-774, 1936.

Fisher, C. The site of formation of the posterior lobe hormones.
Endocrinology 21:19-29, 1937



Geiling, E.M.K. and D.H. LeMesurier. The pressor antidiuretic
and oxytocic hormones of the hypophysis cerebri of certain
selachians and teleosts. Bull. Mt. Desert BioI. Lab., 38:
21-22, 1936.

Gerschenfeld, H.M., J.B. Tramezzani and K. de Robertis. ultra­
structure and function in neurohypophysis of the toad.
Endocrinology 66:741-762, 1960.

Green, J.D. The comparative anatomy of the hypophysis, with
special reference to its blood supply and innervation.
Am. J. Anat., 88:225-290, 1951.

Heller, H. The comparative physiology of the neurohypophysis.
Experientia 6:368-376, 1950.

Herring, P.T. The physiological action of extracts of the
pituitary body and saccus vasculosus of certain fishes.
Quart. J. Exp. Physiol. 1:187-188, 1908a.

Herring, P.T. A contribution to the comparative physiology
of the pituitary body. Quart. J. Exp. Physiol 1:261-280,
1908b.

Hoar, W.S. Endocrine Organs. In: The Physiology of Fishes,
M.E. Brown (Ed), 1:245-285, Academic Press, New York,
1957

LaBella, F.S., G. Beaulieu, and R.J. Reiffenstein. Evidence
for the existence of separate vasopressin and oxytocin­
containing granules in the neurohypophysis. Nature 193:
173-174, 1962.

LaBella, F.S., R. J. Reiffenstein, and G. Beaulieu. Subcellulan
fractionation of Bovine posterior pituitary glands by
centrifugation. Arch. Biochem. Biophys. 100:399-408, 1963.

Lagler, K.F., J.E. Bardach, R.R. Miller. Ichthyology. John
Wiley and Sons, Inc., New York, 1962.

Landgrebe, F.W., H. H. J. Macauley, and H. Waring. The use of
rats for pressor assays of pituitary extracts with a note
on response to histamine and adrenaline. Proc. Roy. Soc.
Edinb. B. 62:202-210, 1946.

2



Lederis, K. Ultrastructure of the hypothalamo-neurohypophyseal
system in teleost fishes and isolation of hormone-containing
granules from the neuro-hypophysis of the cod (Gadus
morrhua). zeitschrift fur Zellforschung 58:192-213, 1962.

palay, S.L. Neurosecretory phenomena in the hypothalamo­
hypophyseal system of man and monkey. Amer. J. Anat.,
93:107-141, 1953.

Pickford, G., and J.W. Atz. The Physiology of the Pituitary
Gland of Fishes. New York Zoological Society, New York,
1957

ROY, B.B. Production of corticosteriods in vitro in some
Indian fishes with experimental, histological and bio­
chemical studies of adrenal cortex together with general
observations on gonads after hypophysectomy in o. puncta­
tus. calcutta Med. J. 61:223-244, 1964

Sawyer, W.H. Neurohypophyseal hormones. Pharm. Rev. 13:
225-227, 1961.

Scharrer, E. and B. Scharrer. Hormones produced by neuro­
secretory cells. Recent Progr. Hormone Res. 10:183-240,
1954.

Scruggs, W.M. The epithelial components and their seasonal
changes in the pituitary gland of the carp (Cyprinus
carpio, L.) and goldfish (Carassius auratus, L), J.
Morphology 88:441-464.

Thomson, A.D.P., and S. zuchermann. Functional relation of
the adenohypophysis and hypothalamus. Nature (Lond)
171:970, 1953.

Thorp, R.H. In: Hormone Assay, C.W. Emmens (Ed.) New York,
1950, pp. 109.

von Holst, E. Die arbetsweise des statolithenapparates bei
fischen, Zeitschr. Vergl. Physiol 32:60-120, 1950

3



Wilhelmi, A.E., G.E. Pickford and W.H. Sawyer. Initiation of
the spawning reflex response in fundulus by the adminis­
tration of fish and mammalial neurohypophyseal preparations
and synthetic oxytocin. Endocrinology 57:243-252, 1955.

Wingstrand, K.G. Neurosecretion and antidiuretic activity in
chick embryos with remarks on the subsommissural organ.
Arch. fur Zoologi. 6:41-67, 1953.

Wislocki, G.B. and E.H. Leduc. Vital staining of the haemoto­
encephalic barrier by silver nitrate and trypan blue, and
cytological comparisons of the neurohypophysis, pineal
body, area postrema, intercolumnar tubercle and supro­
optic crest. J. Compo Neurol. 96:371-414, 1952.

zettler, G. and W. Hild. Uber die neurosekretorische tatigkeit
des hypothalamisch-neurohypophysaren systems der saugetiere.
Publicazioni della stazione zoologica de Napoli 24:15-17,
1954.

4


